The increasing resistance of human pathogens severely limits the efficacy of antibiotics in medicine, yet many animals, including solitary beewolf wasps, successfully engage in defensive alliances with antibiotic-producing bacteria for millions of years. Here, we report on the in situ production of 49 derivatives belonging to three antibiotic compound classes (45 piericidin derivatives, 3 streptochlorin derivatives, and nigericin) by the symbionts of 25 beewolf host species and subspecies, spanning 68 million years of evolution. Despite a high degree of qualitative stability in the antibiotic mixture, we found consistent quantitative differences between species and across geographic localities, presumably reflecting adaptations to combat local pathogen communities. Antimicrobial bioassays with the three main components and in silico predictions based on the structure and specificity in polyketide synthase domains of the piericidin biosynthesis gene cluster yield insights into the mechanistic basis and ecoevolutionary implications of producing a complex mixture of antimicrobial compounds in a natural setting.
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defensive symbiosis | protective mutualism | antibiotic resistance | Philanthus | Streptomyces philanthi S ince the discovery of penicillin in 1928 by Alexander Fleming, the use of antibiotics for the treatment of infectious diseases has revolutionized human medicine (1) . However, the past 60 y have seen a dramatic increase in antibiotic-resistant pathogens, rendering many of the previously potent antibiotics effectively useless (2) (3) (4) (5) . The rapid evolution of resistance through mutation (6) and the spread of resistance genes by horizontal gene transfer (7) (8) (9) raise the question of how antibiotics can maintain their efficiency in a natural context over long evolutionary timescales. Unfortunately, our knowledge about the ecology and evolution of antibiotics remains severely limited. While they can be used as chemical weapons under certain symbiotic or freeliving conditions (10) (11) (12) , in other situations they seem to serve as signaling molecules that affect gene expression in con-or heterospecific microorganisms (13) (14) (15) (16) (17) (18) (19) .
Two of the main challenges associated with studying the ecology of antibiotics are (i) the difficulty of monitoring complex microbial interactions in nature (20) and (ii) the detection and quantification of antibiotic production in situ (21) . A solution for the first issue is to consider associations that involve only a limited number of interacting organisms. In particular, defensive symbioses between insects and antibiotic-producing symbionts represent attractive model systems, since a limited number of partners have interacted over millions of years to ensure protection against coevolving or opportunistic pathogens (11, 12, 20) . A prime example is the tripartite symbiosis of leafcutter ants, their nutritional fungus gardens, and Actinobacteria that protect the gardens from coevolved parasitic microfungi (22) (23) (24) (25) (26) as well as the ants themselves against entomopathogens (27) (28) (29) . One major limitation in the study of leafcutter ants and many other defensive symbioses has been the focus on bioactive microbial metabolites produced in vitro, with several antibiotic compounds characterized from Pseudonocardia and Streptomyces isolates that are associated with the leafcutter ants (25, (30) (31) (32) (33) .
However, the presence of these compounds in situ and their relevance for the protective activity of the insects' nutritional resources have received little attention (32) . By contrast, HPLChigh-resolution MS, NMR, and imaging MS were successfully used for in situ characterization of the chemical mediators in another defensive symbiosis involving solitary beewolf wasps and antibiotic-producing Streptomyces bacteria (19, 21, 34) .
This specialized protective symbiosis occurs in the clade of Philanthini digger wasps that are associated with host-specific strains of the actinobacterium Streptomyces philanthi (35) . Beewolf females harbor the symbiotic bacteria in antennal reservoirs (36) and secrete them into their brood cells, where they are transferred to the larval cocoon and protect the developing larva against opportunistic mold fungi from the environment (37) . In the European beewolf, Philanthus triangulum, this defensive activity is achieved through the symbiont-mediated production of a mixture of antimicrobial compounds, including streptochlorin and at least eight different piericidins on the cocoon (34) . Despite the opportunity for environmental acquisition of nonspecific bacteria and phylogenetic evidence for occasional horizontal transfer of symbionts between host species, the symbiosis has remained specific since its origin about 68 Mya, involving monophyletic clades of wasps and bacteria, respectively (35) .
Significance
Insights from natural applications of antibiotics are important to gain a deeper understanding of the evolutionary processes that underlie the maintenance of an antibiotic defense and prevent the rise and spread of antibiotic resistance. Using 25 species and subspecies of beewolf digger wasps that engage in a defensive symbiosis with Streptomyces bacteria, we tracked evolutionary changes in the antibiotic cocktail that protects the wasps' larval offspring against mold fungi. Our results yield insights into the mechanistic basis as well as the ecological and evolutionary implications of producing a complex cocktail of antimicrobial compounds in a symbiotic setting.
Considering the high selection pressure exerted by antagonistic soil microbes as well as the specificity and long coevolutionary history in the beewolf-Streptomyces symbiosis, it seems surprising that the symbiont-produced antibiotic mixture has provided an efficient defense against pathogens over the past 68 My.
Here, we addressed three key questions for understanding the evolutionary dynamics of the multicomponent antimicrobial defense in beewolf wasps and their ecological relevance. (i) How did the symbiont-produced antibiotic mixture change over evolutionary timescales and to what extent do the patterns reflect phylogenetic constraints and ecological adaptations? (ii) How is the diversity of antimicrobial compounds generated on the molecular level? (iii) Can synergistic or antagonistic interactions of compounds present in the beewolves' antibiotic mixture affect their activity against potential antagonists?
Results
Composition of Symbiont-Produced Antibiotic Mixtures. In the European beewolf (P. triangulum), the symbiont-produced antibiotics have been detected on the cocoon surface as well as in the antennal gland reservoirs of adult females (34) . To characterize the antibiotic mixture produced by the symbiotic Streptomyces bacteria of 25 beewolf host species and subspecies in three genera, we subjected methanol extracts from antennae and/or cocoons to HPLC coupled to high-resolution electrospray ionization (ESI)-MS/MS (data available from the Dryad Digital Repository: doi:10.5061/dryad.6907h).
Comparisons of the accurate molecular masses of all detected substances with 2,583 Streptomyces-produced bioactive substances in Antibase 2005 (38) revealed actinopyrone, Mer-A2026, and traces of nigericin in addition to the previously reported compounds piericidin and streptochlorin. Automated as well as manual searches yielded additional predicted derivatives of these five core structures. While streptochlorin and eight piericidins exhibiting different modifications had been described previously as symbiont-produced substances from cocoons of the European beewolf (34) , pimprinine (=SF2583B) and its derivative, several Mer-A2026 and actinopyrone derivatives, and nigericin had only been known from free-living Streptomyces. The pimprinines represent chlorine-free streptochlorin analogs, and Mer-A2026 and the actinopyrones are structurally closely related to the piericidins, exhibiting a pyridine ring that lacks a methoxy group and a pyranone instead of the pyridine ring, respectively. A scan of the MS/MS fragmentation patterns for the pyridine/ pyranone fragment yielded additional derivatives, resulting in a total of 45 piericidin, actinopyrone, and Mer-A2026 derivatives ( Fig. S1 and Table S1 ). A screen for streptochlorin-related compounds based on the characteristic chlorine isotope pattern revealed a previously unknown pentenyl-streptochlorin.
The proposed structures of streptochlorin and piericidin A1 and B1 isolated from the cocoons of European beewolves (P. triangulum) were previously confirmed by NMR (34) . Furthermore, these three substances as well as actinopyrone A and nigericin were confirmed by comparison with synthetic standards (Fig. S2) . For all other reported compounds, structures were predicted by comparing experimental with expected MS/MS fragmentation patterns (39) (Fig. S1 and Dataset S1). In total, 49 symbiontproduced putative bioactive compounds were identified across beewolf host species and subspecies ( Fig. 1 ), 18 of which had been described previously from other Streptomyces species, including 9 previously found on the cocoons of European beewolves (34) , while 31 constitute unique derivatives (Table S1) .
As beewolf cocoons are exceptionally difficult to collect for a large number of species, most species were represented by antennal extracts only. To find out whether the composition of the antibiotic mixture in the antennae is representative of the ecologically more relevant composition on the cocoon, we compared the amount (based on ion counts rather than absolute quantification due to the lack of commercial standards for most compounds, which prevented the assessment of ionization efficiencies) and composition of the antibiotic mixture between antennae and cocoons for three geographically and phylogenetically disparate species (P. triangulum, Philanthus gibbosus, and Trachypus elongatus). Cocoons exhibited significantly higher total amounts of putative antibiotics than antennae in T. elongatus (Mann-Whitney U of sum of peak areas; P < 0.001, U = 7.0) and P. triangulum (Mann-Whitney U of sum of peak areas; P < 0.001 species, U = 20.0). In P. gibbosus, the concentrations of single antennal extracts were too low for a thorough chemical analysis, and the pooled antennal extract still contained lower amounts of antibiotics than single cocoon extracts. The composition of the mixture differed significantly among species (Wilk's
, df = 270, P < 0.001) as well as between antennae and cocoons (Wilk's Λ = 0.178, df = 10, P < 0.001) based on a discriminant analysis of the first 10 principal components. However, antennae and cocoons of the same species clustered together in a discriminant analysis based on all antennal and cocoon extracts ( Fig. 2 and Fig. S3A ), indicating that chemical differences across species are larger than between antennal and cocoon extracts of the same species. Thus, the composition of the antibiotic mixture in the antennae can be used as a proxy for the cocoon.
Phylogenetic and Geographic Influence on Antibiotic Mixtures. A comparison of the chemical profiles of antennal extracts across 25 beewolf species and subspecies revealed a high degree of conservation in the composition of the antibiotic mixture, with piericidin A1 and B1 as the major components (based on ion counts) followed by streptochlorin and piericidin A5, while nigericin was detected only in a few North American beewolves at low relative amounts (Fig. 1) . Piericidin A1 was the dominant compound across most host taxa, but some South American Trachypus species displayed higher amounts of piericidin B1 and/ or A5 (specifically Trachypus patagonensis, T. elongatus, and Trachypus boharti). Most of the North American beewolves formed a distinct group in the chemical clustering with a considerably lower number of minor compounds in the antibiotic profile ( Fig. 1 ). This was likely caused by the comparatively low absolute amounts of antibiotics in the antennae of North American beewolves, as the number of detected compounds correlated strongly with the total amount of antibiotics in the antennal extracts across species (Spearman rank correlation: rho = 0.855, P < 0.001, n = 29). To assess interspecific differences in the antibiotic mixture, we performed a principal component analysis and a subsequent discriminant analysis based on the first 10 principal components, with species and tissue (antenna or cocoon) as grouping variables (i.e., without a priori grouping according to geography). The analysis significantly separated the symbiont-produced antibiotic profiles between the different host species, with 81.4% correct classifications based on the 10 discriminant functions (Wilk's Λ < 7.6 × 10 −5 , df = 270, P < 0.001) (Fig. 2) . When mapping the geographic origin of the host species onto the discriminant analysis, a clear pattern emerged, with the first discriminant function (representing 56.0% of the variance) separating the antibiotic profiles of the South American Trachypus species from the Philanthus and Philanthinus samples and the second function (representing 15.1% of the variance) distinguishing the North American from the European and African species. Concordantly, a discriminant analysis with a priori grouping according to the continental distribution of the host species (South America, North America, Europe/Africa) provided highly significant support for a geographic differentiation in the antibiotic mixtures (Wilk's Λ = 0.049, df = 20, P < 0.001) (Fig. S3B) .
To identify the underlying factors of the significant geographic pattern in antibiotic profiles, we investigated the effect of three different but mutually correlated variables on the composition of the antibiotic mixture: (i) the symbionts' evolutionary history, (ii) the hosts' evolutionary history, and (iii) the geographic distance itself, which we hypothesize to correlate with ecological differences. As an approximation for these factors, we used genetic distance matrices calculated from host and symbiont phylogenetic trees (38) as well as a geographic distance matrix based on the beewolf sampling locations. All three matrices correlated significantly with the antibiotic profiles in both Procrustes analyses and Mantel tests (Table 1) . Partial Mantel tests showed a significant correlation between the antibiotic profiles and host phylogeny when controlling for symbiont phylogeny but not vice versa. In the partial Mantel tests controlling for the geographic distance, the correlation of antibiotic profiles with host phylogeny was no longer significant, and the correlation with symbiont phylogeny was only marginally significant and comparatively weak. However, the geographic distance remained strongly correlated with the antibiotic profiles when considering either host or symbiont phylogenies as covariate matrices (Table 1) .
To refine the Procrustes analyses and Mantel tests, we used Blomberg's K statistic and phylogenetic generalized least square (PGLS) models to test for an influence of phylogeny and geography, respectively. Because antibiotic profiles varied both in the number of compounds and their relative abundance, we calculated classical diversity measures (richness, evenness, Shannon's H, and Simpson's λ) to characterize the antibiotic mixtures. While the beewolf host phylogeny had no influence on any of the diversity measures, the symbiont phylogeny had a significant influence on the number of produced compounds (richness; K = 1.030, P = 0.001, indicating a deviation from randomly evolving traits) but not on the diversity or evenness (Fig. 3 and Table 2 ). However, compound evenness was significantly influenced by the geographic location even after correcting for symbiont (PGLS, P < 0.05) (Fig. 3 and Table 3 ) or host phylogenetic influence (PGLS, P < 0.05) (Fig. 3 and Table 3 ), assuming the better fitting Ornstein-Uhlenbeck model of trait evolution (in comparison with a Brownian motion model based on Akaike's Information Criterion values) (Table S2) . A closer look at the symbiont phylogeny and the chemical profiles revealed that the African/ European beewolf symbionts produce an especially high number of compounds, whereas extracts from North American beewolves were generally characterized by a higher evenness than those from South American and African/European species (Fig. 3) . The patterns observed for presumed horizontal symbiont transfer events between host species confirmed the influence of symbiont phylogeny on compound richness and of geographic distance on evenness. The symbionts of the Eurasian/African Philanthinus quattuordecimpunctatus, Philanthus rugosus, and Philanthus venustus as well as the South American T. patagonensis and Trachypus flavidus exhibited the low to medium compound richness that was characteristic of the North American symbiont clade that they were genetically assigned to. However, they retained low to medium evenness values, like their geographic neighbors. Similarly, the antibiotic profile of T. elongatus is characterized by high compound richness, such as that of its African symbiont relatives, but also comparatively high evenness that is typical for its South American distribution.
Molecular Basis of Generating Diversity in Antimicrobial Compounds.
The large diversity of piericidin and actinopyrone derivatives detected across beewolf host species compelled us to take a closer look at the underlying molecular basis of their production. The genetic background and biosynthesis of piericidin A1, including post-polyketide synthase (PKS) modification steps, have already been described in related Streptomyces species (40, 41) . We sequenced the piericidin biosynthesis gene cluster of "S. philanthi biovar triangulum" strain tri23Af2 and compared it with the previously reported ones to pinpoint the steps in the biosynthesis that lead to the diversity in the antibiotic mixture (Fig.  S4 ). The tri23Af2 cluster is highly similar to the piericidin A1 gene clusters from Streptomyces piomogenus (40) (Fig. S5) , Streptomyces sp. SCSIO 03032 (41) , and Streptomyces mobaraensis (National Center for Biotechnology Information accession numbers AB431381.1-AB31384.1), comprising the same genes in identical order, with average sequence similarities to S. piomogenus of 73.3 and 66.4% on the nucleotide and amino acid levels, respectively (Fig. S5) . The PKS cluster itself is responsible for the elongation of the underlying linear polyketide chain of the piericidins (40) , while several post-PKS tailoring steps are required to convert the intermediate into the final product by amidation, cyclization, hydration, and methylation (41) . Piericidin A1 is the primary product, but the predicted biosynthetic pathway and the structures of the beewolf symbiont-produced Mantel test and Procrustes analysis only correlate two matrices, while partial Mantel tests control for an additional factor, a third matrix. Spearman rank coefficients (Mantel tests; ρ) or correlation coefficients of symmetric Procrustes rotation (r) and P values are given. Significant correlations are highlighted in bold.
piericidin and actinopyrone derivatives suggest six major ways to deviate from the main product.
The incorporation of different precursors in the (i) initiation as well as (ii) elongation steps explains variation in the length of the polyketide backbone and the presence of methyl branches. An analysis of the eight extending acyltransferase (AT) domains of the S. philanthi biovar triangulum piericidin gene cluster revealed that five AT domains are very similar on the amino acid level, whereas the other three AT domains are divergent. Based on a computational analysis (42) (43) (44) (45) , these five AT domains are most similar to AT domains that specifically incorporate methylmalonyl-CoA (Table S3) . However, the 13 amino acid residues that control substrate specificity of these five AT domains in the S. philanthi piericidin gene cluster show a hybrid pattern of residues typical for methylmalonyl-CoA and malonylCoA incorporation. Interestingly, this pattern apparently results in a low degree of promiscuity of these domains, with 99.1-99.9% methylmalonyl-CoA and 0.1-0.9% malonyl-CoA incorporation into the nascent polyketide chain, based on the abundance of the corresponding piericidin derivatives detected by liquid chromatography tandem-MS (LC-MS/MS) (Table S3) . By contrast, the corresponding piericidin AT domains of the free-living bacterium S. piomogenus var hangzhouwanensis contain the typical amino acid sequence motifs of methylmalonylCoA-specific incorporation (42, 43) (Table S3) . One of the remaining three AT domains in the S. philanthi piericidin gene cluster is too dissimilar from all other AT domains in the SBSPKS (Structure Based Sequence Analysis of Polyketide Synthases) database to allow for a prediction of its specificity, while the final two show substrate binding motifs indicative of malonyl-CoA incorporation.
Additional diversity in piericidin derivatives is generated by (iii) incomplete dehydration or dehydrogenation steps during PKS chain elongation or later reduction, which lead to unsaturated or hydroxylated derivatives. (iv) The formation of the pyridine ring occurs after the side chain is released from the PKS cluster. If cyclization occurs without the preceding transamination of the terminal hydroxyl group, a pyranone is formed instead of a pyridine, resulting in the formation of actinopyrones as end products. (v) The methyl and methoxy groups of the The influence of symbiont and host phylogeny was measured as Blomberg's K and tested for deviations from randomly evolving traits (K = 0; P R ) and traits following a Brownian motion model of evolution (K = 1; P BM ). Significant P values after correction for multiple testing are in bold.
pyridine ring and the hydroxyl group of the aliphatic side chain can be substituted with methoxy or glycosyl groups, presumably by unspecific enzymes encoded in genomic regions outside of the piericidin gene cluster. (vi) Finally, one of the double bonds in the piericidin A1 backbone can undergo epoxidation, resulting in piericidin C and its derivatives. A combination of these six modifications can explain 38 of 45 piericidin, Mer-A2026, and actinopyrone derivatives. The remaining compounds show the entire pyridine ring but a truncated side chain. We exclude a sampling artifact, as the North American specimens were collected in two separate sampling trips, which show similar products that were also found in individual species sampled in Europe and South Africa. The derivatives with truncated side chain could arise either from degradation of complete precursors or by an incomplete synthesis. As the pyridine/pyranone ring is formed last in the piericidin and actinopyrone biosynthesis and is always present in the truncated derivatives, the nascent polyketide cannot have been prematurely released from the PKS. However, it is possible that several PKS modules were skipped during elongation. While not common, this process has been documented for several Streptomyces species, leading to an increase in chemical diversity in single bacterial strains (46) .
In Vitro Activity of Antibiotic Combinations. To investigate whether the observed differences in antibiotic mixtures between beewolf species may be ecologically relevant by affecting antimicrobial activity, we performed agar diffusion assays with different combinations of the three most abundant compounds, piericidin A1 and B1 and streptochlorin, against three different fungal model species [Aspergillus oryzae, Yarrowia lipolytica, and Meyerozyma guilliermondii (formerly Candida guilliermondii)]. Piericidin A1 was generally most active, while streptochlorin was similarly active against A. oryzae but less so against both yeasts, and piericidin B1 had a very low inhibitory effect against all three tested organisms (Fig. 4) . Piericidin B1 neither increased nor reduced the activity of piericidin A1, but it enhanced the inhibition of streptochlorin against Y. lipolytica (one-way ANOVA, P < 0.001, df = 6, F = 385.95, Tukey's honest significant difference (HSD) post hoc test P < 0.001) and decreased the combined effectivity of piericidin A1 and streptochlorin against The influence of geography was assessed by PGLS analyses using an Ornstein-Uhlenbeck model of trait evolution. Estimated regression coefficients, including SE, test statistic, and P value, for geographic coordinates and their interaction are given below. Easting and northing denote eastward and northward measured coordinates in the Universal Transverse Mercator coordinate system, respectively. Test results indicating a significant influence of geographic coordinates on antibiotic profiles after correction for multiple testing are printed in bold. M. guilliermondii (one-way ANOVA, P < 0.001, df = 6, F = 129.45, Tukey HSD post hoc test P = 0.0095). However, streptochlorin generally increased the activity of piericidin B1 (M. guilliermondii: one-way ANOVA, P < 0.001, df = 6, F = 129.45, Tukey HSD post hoc test P = 0.016; Y. lipolytica: one-way ANOVA, P < 0.001, df = 6, F = 385.95, Tukey HSD post hoc test P = 0.042; A. oryzae: one-way ANOVA, P < 0.001, df = 6, F = 114.87, Tukey HSD post hoc test P < 0.001) but reduced the inhibition of yeasts in mixtures containing piericidin A1 (piericidin A1 alone: M. guilliermondii: one-way ANOVA, P < 0.001, df = 6, F = 129.45, Tukey HSD post hoc test P < 0.001; Y. lipolytica: one-way ANOVA, P < 0.001, df = 6, F = 385.95, Tukey HSD post hoc test P = 0.023; piericidin A1 + B1: M. guilliermondii: one-way ANOVA, P < 0.001, df = 6, F = 129.45, Tukey HSD post hoc test P < 0.001; Y. lipolytica: one-way ANOVA, P < 0.001, df = 6, F = 385.95, Tukey HSD post hoc test P = 0.042). Hence, changes in the antimicrobial mixture differentially affect potential antagonists and may allow for fine-tuning the antimicrobial defense to local pathogen communities.
Discussion
In addition to the nine previously described symbiont-produced antibiotic compounds on the surface of European beewolf (P. triangulum) cocoons (34), we identified another 40 putative antimicrobial compounds across different beewolf host species that were present on the cocoons and in the antennae of these solitary wasps. With the exception of nigericin, which was only present in few species in low amounts, all of these compounds represent modifications of only two core structures (streptochlorin and piericidin). Although the antibiotic mixture was qualitatively similar across beewolf species, with piericidin A1 and B1 as the major components across all 25 examined species and subspecies, the abundance and relative composition varied between species. While the number of compounds was influenced by the phylogenetic background of the Streptomyces symbiont strains, the evenness of the mixture was significantly influenced by geographic location, suggesting an adaptation to the local environment. Antimicrobial bioassays with all possible combinations of the three main antibiotics against three fungal species revealed positive and negative interaction effects, indicating that changes in the mixture may indeed affect its antimicrobial efficacy as well as the target spectrum. Molecular analyses of the gene cluster underlying piericidin biosynthesis allow for predicting the mechanistic basis of generating the high diversity of derivatives observed in the beewolf symbiosis.
Composition of the Mixture and Activity of the Individual Components.
Previous studies have shown the broad-spectrum activity of the European beewolf's antibiotic mixture against fungal and bacterial antagonists (34) as well as the activity of single compounds in the beewolves' mixture that were also discovered in other Streptomyces species. Pimprinine (47), streptochlorin (34), piericidin A (34, 48, 49) and B (34, 50), 7-demethylpiericidin A1 (51), glucopiericidin A and B (34, 52) , IT143B (53) , and Mer-2026-A and B (54) have been shown to exhibit antibacterial and antifungal activity. 11-Demethylpiericidin A1 and glucopiericidin A5 showed bioactivity against bacteria, and the actinopyrones have been described to exhibit specific activity against Helicobacter pylori (55), whereas piericidin B5 did not show activity against any of the tested microorganisms (56) . Nigericin is known as a K + ionophore (57), displaying strong antibacterial (58) but only weak antifungal activity on its own, but a high potential for synergistic interactions (59) . For the remaining compounds, antimicrobial activity remains speculative and is hypothesized exclusively based on the structural similarity to the active piericidins, actinopyrones, and streptochlorin. However, various studies on the cytotoxicity in cancer cell lines and the inhibition of the electron transport complexes of the respiratory chain by synthetic piericidin derivatives showed that most modifications of the side chain had only a minor influence on their activity as long as the pyridine core remained intact (60) , suggesting antimicrobial activity of many of the reported compounds. Furthermore, it needs to be emphasized that even subinhibitory concentrations of individual compounds may be ecologically relevant in a complex mixture with synergistic and antagonistic effects (61) . Concordantly, our bioassays with different combinations of the three major components (ions) of the beewolf antibiotic mixture (piericidin A1 and B1 and streptochlorin) highlight the importance of compound interactions, including antagonistic and synergistic effects between active compounds as well as potentially modulatory activities of compounds that are not active on their own.
Biosynthetic Basis of Diversity in the Antibiotic Mixture. The majority of the variation in the beewolf antibiotic mixture is based on the high number of piericidin derivatives. Sequencing of the S. philanthi biovar triangulum piericidin gene cluster and comparing it with that of S. piomogenus var hangzhouwanensis with its known biosynthesis (40, 41) allowed us to attribute the majority of the diversity in predicted piericidin and actinopyrone derivatives found in the beewolf symbionts (Fig. S4) to the following six mechanisms: (i) different starting or (ii) extender units during polyketide synthesis; (iii) skipping the reduction of a double bond during extension; (iv) ring formation with or without prior aminotransferase reaction (leading to piericidins and actinopyrones, respectively); and (v) methylation, glycosylation, or phosphorylation of hydroxyl groups as well as (vi) oxidation or epoxidation of double bonds.
Initiating PKS biosynthesis with different starting units is a well-known feature of Streptomyces PKSs (62) . In contrast, variation in the incorporation of fatty acid-CoA units by extender modules during the elongation of the polyketide is usually lower due to the high substrate specificity of the ATs (62, 63) . Surprisingly, four of the eight AT domains exhibit hybrid sequence motifs of malonyl-CoA-and methylmalonyl-CoA-specific AT domains, and these domains indeed incorporate both methylmalonyl-CoA and malonyl-CoA based on the characterized products. Thus, substrate specificity of PKS-AT domains cannot only be experimentally manipulated to broaden the spectrum of available PKS (63) but also naturally evolves to accept different substrates (64) . In contrast to the symbiotic S. philanthi bacteria, the AT domains of the free-living S. piomogenus var hangzhouwanensis piericidin PKS cluster do not show this promiscuity pattern but retain methylmalonyl-CoA-specific amino acid residues, suggesting that the S. philanthi piericidin AT domains may have been subject to selection for generating diversity in bioactive metabolites.
After the release from the PKS protein, the polyketide is usually subjected to several post-PKS tailoring steps, some of which are encoded within the PKS gene cluster, like two methyltransferases, one aromatase, a monooxygenase, and an asparagin-synthase-like enzyme in the case of the piericidin cluster (40, 41) . Other enzymes involved in post-PKS modifications are often encoded by separate genes, yielding additional diversity in final compounds (65) (66) (67) .
Although previous genomic screens for secondary metabolite gene clusters across microbial taxa revealed the potential of individual strains to produce a diversity of compounds, the large number of putative antibiotics in the beewolf symbionts seems particularly extensive. However, recent studies on the chemical ecology of multipartite interactions reported similarly complex chemistries, especially in bacteria living in a symbiotic context (reviews in refs. 11 and 12). Specifically, symbiotic γ-Proteobacteria in entomopathogenic nematodes provide an arsenal of compounds that are responsible for overcoming the immune system of the attacked insect as well as for monopolizing the carcass by warding off scavengers and microbial competitors (68, 69) . Likewise, several symbionts associated with marine animals provide a number of defense compounds derived from multiple (70) or individual PKS clusters (70) (71) (72) (73) . Remarkably, Lin et al. (74) characterized 13 nocapyrone derivatives from a Nocardiopsis alba strain that is a putative symbiont of the marine cone snail Conus rolani. Containing a stable pyranone ring and a side chain with different modifications, these nocapyrone derivatives exhibit a similar pattern to the structural variation observed in the piericidins and actinopyrones that are produced by the beewolf symbionts. Unfortunately, the ecological function of the nocapyrones and many other symbiotically produced secondary metabolites remains elusive. However, the diversity of compounds produced in the beewolf mutualism as well as in other defensive alliances indicates that (i) a combination of antibiotics allows for an evolutionary stable defense against a broad spectrum of potential antagonists and/or that (ii) the different compounds may serve other functions in addition to defense (e.g., signaling to modulate the composition or activity of the microbial community in their particular microenvironment) (10, (13) (14) (15) (16) (17) 75) .
Evolutionary Stability of the Antibiotic Mixture. Many defensive symbioses are of a dynamic nature, with intermediate symbiont infection frequencies, multiple coinfecting symbionts, and/or frequent replacements of symbionts by environmentally acquired microbes (12, 31, 76, 77) . In a Red Queen-like scenario, such a dynamic association is to be expected to keep pace with coevolving pathogens. While we cannot completely exclude the possibility that we missed additional antibiotic compounds produced by the beewolves' symbionts, we found that all beewolf species seem to rely on a very similar antimicrobial mixture for defense. The conserved nature of the antibiotic mixture strongly indicates that it represents the antibiotic profile of the Streptomyces bacterium that was acquired by the common ancestor of all Philanthini digger wasps in the late Cretaceous (35) . How, then, could the beewolves' antibiotic defense remain efficient over the past 68 My and prevent the evolution of resistance in antagonistic microbes? Two alternative hypotheses may account for the long-term maintenance and efficacy of the beewolf symbionts' antibiotic mixture: (i) the complexity of the antibiotic mixture has prevented the evolution of resistance in antagonistic bacteria, or (ii) the selective pressures on antagonistic microorganisms were not sufficiently high to favor the evolution of multidrug resistance.
A combination of antibiotics can be beneficial and slow down the evolution of resistance for two main reasons. First, if at least two compounds act antagonistically, a microorganism that evolves resistance to only one of the compounds experiences a higher effective inhibition by the remaining compound and thus, has a decreased fitness compared with nonresistant cells (78, 79) . Synergism, however, despite the obvious expectation of being initially more effective, favors a faster evolution of resistance, as an arising mutation providing resistance against one compound also removes the synergistic inhibition (80, 81) . Second, intrinsically nontoxic compounds can restore the activity of toxins by neutralizing resistance mechanisms (such as β-lactamase inhibitors with β-lactam antibiotics) (82, 83) . Inhibition bioassays with different combinations of three of the beewolf antibiotics revealed antagonistic interactions between some of the major compounds, suggesting that the composition of the beewolf antibiotic mixture may disfavor the evolution of resistant antagonists while maintaining broad-spectrum efficacy, which could be especially important to ward off partially resistant mold strains during the long development and hibernation period.
Given the 68 My of beewolf-Streptomyces symbiosis, however, a specialized pathogen may still be expected to evolve resistance, even against a complex mixture of antibiotics. However, are beewolves and their symbionts likely to exert selection pressures on soil microbes that are sufficiently strong to favor the evolution of a specialized multiresistant pathogen? In contrast to other insects with defensive microbial symbionts (e.g., leafcutter ants, aphids), beewolves occur in comparatively small aggregations (usually dozens to several hundred individuals), and their nesting sites are often located in disturbed and ephemeral habitats (84, 85) . Thus, they represent a scarce and unpredictable resource for microbes, and indeed, only common mold fungi that are abundant in the beewolves' nesting environments have been observed to infect the beewolf offspring, while specialized microbial pathogens are unknown (86) . Thus, the key for the long-term success of the symbiont-provided antibiotic mixture in beewolves was probably the lack of coevolving pathogens. Presumably, the complexity of the mixture mainly served to ensure its broadspectrum efficacy against opportunistic microbial antagonists (34), with the ability to suppress the evolution of resistance being a secondary effect.
Despite the high degree of conservation in the qualitative composition of the antibiotic mixture, we detected consistent quantitative differences across beewolf species. These differences were of a dual nature. The number of detected compounds (richness) was influenced by the symbiont phylogenetic background, while the relative abundance of the single compounds (evenness) was affected by geographic distance. The first finding is consistent with evolutionary changes in the genetic basis of secondary metabolite biosynthesis that limit or expand the number of produced compounds. The second observation suggests an environmental influence on the quantitative expression of compound biosynthesis. These expression changes presumably allow for rapid adaptations to the local (micro-)environment (temperature, humidity, soil microbial community) by quantitatively adjusting the composition of the antibiotic mixture. Concordantly, beewolves that acquired a symbiont strain horizontally from another host species (35, 87) exhibited antibiotic mixtures that quantitatively resemble those of co-occurring species rather than those of hosts with closely related symbiont strains (Fig. 3) .
Evidence for a geographic signal in biosynthetic capabilities of secondary metabolites is not restricted to the beewolf symbionts but has also recently been provided for free-living bacteria. Charlop-Powers et al. (88) sequenced the NRPS adenylation and PKS ketosynthase domains of bacterial communities from multiple locations on different continents and found a higher relatedness of produced compounds in bacteria from similar environments in close proximity than from more distant habitats. Similarly, Lemetre et al. (89) found the composition of bacterial biosynthetic domains in soil samples to be influenced by the geographic location, most notably latitude, but not by altitude, temperature, or annual precipitation, which are common predictors of microbial diversity. Thus, environmental factors correlating with geographic distance seem to be important selective forces driving the composition of natural product biosynthesis in microbes.
A Unique Strategy for Protection? Analogous to the beewolf symbiosis, the simultaneous use of multiple symbiont-derived compounds for defense has been described across various terrestrial and marine systems (reviewed in ref. 12) , rendering combination prophylaxes a common phenomenon in defensive symbioses. However, the long-term evolutionary stability of the beewolves' antibiotic mixture is unusual in light of many systems that exhibit dramatic changes in defensive chemistry, often through the dynamic acquisition of novel protective symbionts (27, (90) (91) (92) (93) (94) (95) (96) . As discussed above, the lack of a specialized coevolving antagonist likely relaxed selection for fundamental changes in defensive chemistry in the beewolf symbiosis. At the same time, the dynamic community of opportunistic soil fungi constituted a high selective pressure to maintain or expand the broad-spectrum antifungal activity and to quantitatively adjust the antibiotic mixture to the local environment. We predict that other symbioses that are threatened by a community of opportunistic antagonists rather than specialized pathogens or predators use a similar strategy (e.g., the Penicillium symbionts that defend a leaf-rolling weevil's offspring from mold fungi and bacteria) (97) . Unfortunately, however, the lack of defensive symbioses for which a thorough description of all involved players, their ecology, and their evolution as well as the in vivo relevant chemistry is available, currently severely hampers our understanding of how the chemistry of an antibiotic defense changes over evolutionary timescales in other symbiotic associations.
Experimental Procedures
Antennae and/or cocoons of 25 species and subspecies of Philanthini digger wasps were collected from the United States, Brazil, Germany, Turkey, and South Africa. Samples were extracted with methanol and analyzed by ultrahigh-performance LC-ESI-MS/MS.
Mass spectra were screened for exact masses of known compounds produced by Streptomyces bacteria published in Antibase 2005 (41) and derivatives of piericidin, streptochlorin, actinopyrone, Mer derivatives, and nigericin by automated and manual prediction of their structure and according mass. Peak areas of all identified compounds were integrated as a proxy for relative compound amounts. Principal component and discriminant analyses were performed to detect grouping patterns between species and geographic patterns with SPSS 23 (IBM). Mantel tests and Procrustes analyses were applied to test for correlations between the chemical composition of the specimen extracts and environmental influence (represented by their geographic origin) as well as host and symbiont phylogeny. We used Blomberg's K statistic to test for a phylogenetic influence and PGLS models to assess the geographic influence under a phylogenetic background on diversity measures of the chemical substance composition.
The S. philanthi piericidin gene cluster was extracted from a de novo whole-genome assembly based on 454 shotgun and 8-kb paired end libraries of in vitro cultures of S. philanthi biovar triangulum strain tri23Af2 (98) . The gene cluster, its substrates, and product were predicted with NP.searcher and SEARCHPKS and by comparison with the S. piomogenus piericidin gene cluster (43) .
Fungal inhibition assays were conducted in standard agar diffusion assays using piericidin A1 and B1, streptochlorin, and additive mixtures of all combinations of two and all three compounds against A. oryzae and the yeasts M. guilliermondii, and Y. lipolytica (details are in SI Experimental Procedures).
